We have experimentally demonstrated and characterized the generation of tunable and ultra-broadband microwave frequency combs (MFCs) based on a slave laser (SL) subject to regular pulse injection from a current modulated master laser (ML). Under modulation frequency f m = 1.2 GHz and modulation power P m = 22 dBm, the current modulated ML is driven into a regular pulse state, and a seed MFC with 14.4 GHz bandwidth within a ±5 dB amplitude variation can be obtained. Such a seed MFC is then injected into the SL for producing final MFC with higher performances. For a fixed detuning frequency f i = 0 GHz and optimized injection power P i = 2060 µW, the bandwidth of the final MFC is increased to 33.6 GHz, and the single-sideband phase noises of all comb lines of the MFC within the bandwidth can be decreased to below -90.9 dBc/Hz@10 kHz. Additionally, the influences of P i and f m on the MFC bandwidth are also analyzed. The experimental results are in agreement with numerical simulations to a certain extent.
Introduction
Under external perturbations such as optical injection, optical feedback, optoelectronic feedback, and direct modulation, semiconductor lasers can be driven into various nonlinear dynamics including stable locking, periodic oscillations, chaotic oscillation, harmonic frequency locking, regular pulsing, quasiperiodic pulsing, and chaotic pulsing, etc. [1] - [13] , which have wide applications in photonic microwave, fast random number generation, secure optical communication, all-optical frequency conversion, radio-over-fiber transmission, radar systems, and so on [14] - [37] . Recently, the application of nonlinear dynamics in semiconductor lasers has been spread into the generation of microwave frequency combs (MFCs) [38] - [41] . For example, based on harmonic frequencylocked states in a negative optoelectronic feedback semiconductor laser, an approach has been proposed to generate MFCs, where the bandwidth of MFC is several GHz limited by the finite electronic bandwidth of a feedback loop [38] . Through further sending an optical pulse generated by a semiconductor laser under optoelectronic feedback to another semiconductor laser [39] , [40] , the generations of MFCs with 20 GHz bandwidth within a ±5 dB amplitude variation have been reported. For above two schemes, the comb spacing of MFC is determined by the optoelectronic feedback loop, and therefore cannot be adjusted flexibly within a large range. Recently, based on a current modulated semiconductor laser under continuous wave optical injection, we have reported experimentally a scheme for acquiring ultra-broadband MFC with widely tunable comb spacing range [41] , and the MFC with 57.6 GHz bandwidth within a ±5 dB amplitude variation can be obtained. However, since the comb lines of MFC at frequencies lower than 8.4 GHz possess extremely strong power relative to other comb lines, the bandwidth is calculated under the case that the comb lines within the low frequency region spanning from 0 GHz to 8.4 GHz have been excluded [41] .
For some applied scenarios, the comb lines within the low frequency region are needed to be utilized, and the tunable MFC with better amplitude flatness among comb lines including the low-order harmonics will be more desirable. As a result, very recently, we have proposed and numerically demonstrated a scheme for generating such desirable MFC with an optical pulse injected semiconductor laser [42] . In such a scheme, a current modulated master laser (ML) operating at regular pulsing state is utilized to generate seed MFC, whose comb spacing can be tuned easily by adjusting the modulation frequency. The seed MFC is further optically injected into another laser (slave laser, SL) to produce final MFC with higher performances. In this work, based on above scheme, we establish a corresponding system and experimentally investigate the characteristics of seed MFC output from the ML and final MFC output from the SL. In addition, we also analyze the influences of some operation parameters on the performances of the final produced MCF, and the dependence of the final MFC bandwidth on injection power is similar to numerical results [42] . Fig. 1 shows the experimental setup for producing high performance MFCs, which is based on a slave laser (SL) subject to regular pulse injection from a current modulated semiconductor laser (master laser, ML). The ML and SL used are two commercial 1.55-µm quantum well (QW) Fig. 2 . (a1-a2) Experimentally measured power-current curves for the free-running ML and SL, respectively. (b1-b2) Relaxation oscillation frequency as a function of bias current for the free-running ML and SL, respectively. (c1-c2) Relaxation oscillation frequency as a function of square-root of output power for the free-running ML and SL, respectively. The first row represents the free-running ML and the second row represents the free-running SL. In (b1-b2) and (c1-c2), the circles and dots represent the measured values, and the solid lines are the fitted lines.
Experimental Setup
distributed feedback (DFB) semiconductor lasers. Each laser is driven by a high stability and low noise current-temperature controller (ILX-Lightwave, LDC-3724C), and the accuracies of bias current and temperature are 0.01 mA and 0.01°C, respectively. Throughout the experiment, the temperature of the ML and the SL is stabilized at 20.86°C and 21.19°C, respectively. The ML is modulated by a modulation signal from a microwave frequency synthesizer (MFS, Agilent E8257C), under suitable modulation parameters, the ML can operate at regular pulsing states, which is utilized as a seed MFC. The output of the ML is divided into two parts by a 10/90 fiber coupler (FC1). The 90% part is sent to the detection system through line 1, and the other 10% part is coupled into the SL for producing the optimal final MFC after passing through an erbium doped fiber amplifier (EDFA), a polarization controller (PC), a variable attenuator (VA), an optical circulator (OC), and another 10/90 fiber coupler (FC2). Here, the EDFA is used to amplify the 10% optical output of the ML in order to inject sufficient power into the SL for producing final MFC with higher performance. The VA is used to adjust the injection power P i , which is monitored and characterized by a power meter (PM). The output of the SL is sent to the detection system after passing through FC2, OC and line 2. In the detection system, the time series is monitored by a digital oscilloscope (OSC, Agilent X91604A, 16 GHz bandwidth) via a photodetector (PD1, New Focus 1544-B, 12 GHz bandwidth). The power spectrum and single-sideband (SSB) phase noise are recorded by an electrical spectrum analyzer (ESA, R&SFSW, 67 GHz bandwidth) through a photodetector (PD2, U2T-XPDV2150R, 50 GHz bandwidth).
In order to characterize some basic properties of used lasers, Fig. 2 (a1) and (a2) give the experimentally measured power-current curves of the free-running ML and SL, respectively. As presented in Fig. 2 (a1) and (a2), both ML and SL have a similar threshold current I th of about 4.00 mA. Fig. 2 (b1-b2) and (c1-c2) show the relaxation oscillation frequency (f r ) of the free-running ML and SL as functions of bias current and square-root of output power, respectively. Obviously, as shown in Fig. 2 (b1-b2) and (c1-c2), with the increase of I from I th to 30.00 mA, f r nonlinearly increases with the bias current but linearly increases with the square-root of output power for both lasers. Such a varied trend is identical to that reported in [43] , corresponding physical mechanism and mathematical relationships have also been given in [43] , [44] . By the way, for relatively strong bias current, the modulation response peaks of the laser under different modulation frequency change indistinctively, it is very difficult to accurately locate the position of the peak, which results in that the measured results of f r exist some deviation and show some step-like increment with the increase of bias current when the bias current is relatively large. In this work, the ML and SL are biased at 18.70 mA and 25.00 mA, respectively. Under these conditions, the free-running ML has a lasing wavelength of about 1549.106 nm and a relaxation oscillation frequency of about 7.60 GHz. The free-running SL has the same lasing wavelength of about 1549.106 nm as the ML and a relaxation oscillation frequency of about 8.20 GHz. As a result, the detuning frequency f i , which represents the frequency difference between the free-running ML and the free-running SL, is 0 GHz.
Experimental Results and Discussion
Under suitable modulation parameters, a directly current-modulated laser can operate at regular pulsing state. Fig. 3(a1) and (a2) show the time series and corresponding power spectrum of the current-modulated ML operating at regular pulsing state under the modulation frequency f m = 1.2 GHz and modulation power P m = 22.0 dBm. As shown in Fig. 3(a1) , the time series of the ML shows a sequence of regular pulses with a time spacing of 833.3 ps, which is equal to the reciprocal of modulation frequency f m ( =1.2 GHz). The inset in Fig. 3(a1) shows the zoom-in waveform in the smaller time windows of 0-2 ns. From the inset, it can be seen that the zoom-in time series exists strong pulse trailing and noise fluctuations. It should be pointed out that, limited by the finite bandwidth of the OSC (16 GHz), the time series is undersampled, and therefore the observed results can only partially reflect the waveform characteristics. As shown in Fig. 3(a2) , many highorder harmonics of f m appear in the spectrum, and the magnitudes of firstly few comb lines located at low frequencies are much greater than that of the other high-order harmonics. Additionally, the noise floor (NF) of the generated MFC is higher than the NF of the ESA in Fig. 3(a2) , which is due to the pulse trailing and noise fluctuations in the time series. In this work, the MFC bandwidth is defined as the continuous frequency range within a ±5 dB amplitude variation calculated from DC. As a result, the bandwidth of the seed MFC generated by the current modulated ML is relatively small (about 14.4 GHz). The regular pulse generated by the ML is injected into the SL with injection power P i = 2060 µW, and the time series and corresponding power spectrum output from the SL are given in Fig. 3(b1) and (b2), respectively. From Fig. 3(b1) , the time series maintains at a time interval of 833.3 ps, but the pulse trailing and noise fluctuations are weakened by observing the zoom-in time series. From Fig. 3(b2) , the comb lines located at high frequencies of the final MFC are enhanced. As a result, the final optimized MFC possesses better amplitude flatness and larger bandwidth, the MFC bandwidth arrives at 33.6 GHz. Compared Fig. 3(a2) and (b2), the NF at very low frequency region of the final MFC lifts more severely than that of the seed MFC, which may be owing to more even redistribution of energy among comb lines after optical pulse injection. Therefore, with the help of optical injection, the redistribution of energy among comb lines together with the bandwidth enhancement effect [45] , [46] makes the final optimized MFC generated by the pulse injected SL own better flatness and greater bandwidth. The similar improvements of the MFC bandwidth and amplitude variation result from the bandwidth enhancement effect of optical injection have also been experimentally demonstrated in [39] . In addition, our experiments also show that for fixed (f m , P m ) = (1.2 GHz, 22.0 dBm) and P i = 2060 µW, the final MFCs output from the SL have little change during the f i range of −10 GHz to 10 GHz.
To further characterize and compare the spectral purities of MFC, the SSB phase noise curves for all comb lines of the seed MFC and the final MFC shown in Fig. 3(a2) and (b2) are measured by the ESA. Here, the comb lines locating at f m and 30f m in the seed and final MFC are chosen for representative, and their SSB phase noise curves are given in Fig. 4(a) . For the comb line locating at f m , the SSB phase noise is −113.8 dBc/Hz@10 kHz for the seed MFC and −105.3 dBc/Hz@10 kHz for the final MFC, respectively. The reason that the f m component in the seed MFC possesses lower SSB phase noise is owe to stronger signal noise ratio (as shown in Fig. 3 ) with respect to the f m component in the final MFC. Of course, the decrease in signal noise ratio at f m of the final MFC is caused by the redistribution of energy among comb lines after optical pulse injection. However, for 30f m component, the SSB phase noise curves raise but the increased amplitude for the final MFC is smaller compared with that for the seed MFC. As a result, the SSB phase noise for the comb line at 30f m in the final MFC (−90.9 dBc/Hz@10 kHz) is smaller than that in the seed MFC (−84.1 dBc/Hz@10 kHz). The SSB phase noises at 10 kHz offset frequency from other comb lines have also been measured, and the corresponding results are displayed in Fig. 4(b) . As shown in this diagram, the SSB phase noises for both seed and final MFCs increase with the increase of the harmonic order. Since the magnitudes of the high-order harmonics of the final MFC are obviously strengthened due to optical pulse injection, the high-order harmonics of the final MFC possess stronger signal noise ratio than that of the seed MFC, which leads to the SSB phase noises of the high-order components in the final MFC to be decreased via optical pulse injection. As a result, as presented in Fig. 4(b) , except for the comb line with f m , the SSB phase noises of other comb lines Above experimental results are obtained for a fixed injection power P i = 2060 µW. Next, we will further investigate the influence of the injection power on the performances of the final MFCs. Fig. 5 shows the power spectra of the final MFCs output from SL with f m = 1.2 GHz and P m = 22 dBm for different P i values. As shown in this diagram, the bandwidths and the spectral envelopes of MFCs are different for P i taking different values. For P i = 236 µW (as shown in Fig. 5(a) ), the comb lines are very uneven and the high-order harmonics have very small magnitudes. As a result, the final MFC has a small bandwidth of about 3.6 GHz. For P i = 700 µW and 1060 µW (as shown in Fig. 5(b) and (c)), the magnitudes of the high-order harmonics are strengthened and the power spectra become more flat, the bandwidths of the final MFCs are increased to 16.8 GHz and 25.2 GHz, respectively. For larger injection powers of P i = 2060 µW (as shown in Fig. 5(d) ), the final MFC has more flat amplitude, and the MFC bandwidth arrives at 33.6 GHz. The variation trend of the bandwidth with the injection power P i under f m = 1.2 GHz and P m = 22 dBm is shown in Fig. 6 . Certainly, very small injection power has little influence on the SL. For P i increases to 160 µW, the SL under pulse optical injection is driven into period oscillation, and the correspondingly generated MFC possesses relatively narrow bandwidth (about 3.6 GHz). With the increase of P i from 160 µW to 1460 µW, the bandwidth gradually increases. Continuously increasing P i to 2270 µW, the bandwidth of final MFC reaches a platform with 33.6 GHz. However, further increasing P i to 2720 µW, the bandwidth of final MFC will decrease. Limited by the saturation power of used EDFA and the link losses, the maximum of P i is about 2720 µW during this experiment. The variation trend of the MFC bandwidth with injection power P i is similar to that numerically reported in [42] , and the reason for causing the variation trend has been explained in [41] . Therefore, through selecting suitable injection power P i , the MFC beyond 30.0 GHz bandwidth can be produced.
For some practical applications, the MFCs with tunable comb spacing will be desired. For the scheme of ultra-broadband MFC generation with an optical pulse injected semiconductor laser, the comb spacing can be flexibly tuned by adjusting the frequency of current modulation loaded into the ML. Fig. 7 shows the power spectra of the final MFCs output from SL with P i = 2060 µW and Fig. 7(a) ), due to well low-frequency response of the SL jointed by the injection-locking effect, the firstly few comb lines positioned at low frequencies are much larger than other comb lines. As a result, the MFC possesses relatively small bandwidth (about 1.5 GHz). For f m = 1.2 GHz, 2.2 GHz, and 3.9 GHz, in Fig. 7(b)-(d) , high-order harmonics possess stronger magnitudes, and the final generated MFCs have better amplitude flatness among comb lines and greater bandwidths beyond 30 GHz. However, for f m = 5.6 GHz (as shown in Fig. 7(e) ), the bandwidth of the final MFC reduces to 16.8 GHz. The reason for the relatively small bandwidth may be as follows. Under this case, the value of f m ( =5.6 GHz) deviates far from 1.2 GHz, and the optimized value of P i ( =2060 µW) is no longer appropriate. The experimental results demonstrate that, through selecting optimized value of P i , the bandwidth can be further improved. For a higher modulation frequency of f m = 8.0 GHz (as shown in Fig. 7(f) ), under fixed modulation power of P m = 22 dBm, the nf m /2 comb lines can be observed in the power spectrum of the final MFC since the seed MFC generated by the ML appears the new comb lines at frequencies of nf m /2 under this case, and then the comb spacing is no longer equal to f m , which is beyond the scope of this paper. To further demonstrate the variation trend of the MFC bandwidth with f m in detail, Fig. 8 gives the bandwidth of the final MFC (red) as a function of modulation frequency f m under P i = 2060 µW and P m = 22 dBm. For comparison, the corresponding result for the seed MFC output from the ML (blue) is also presented. As shown in this diagram, for f m ࣘ 0.9 GHz, the seed MFC possesses relatively narrow bandwidth due to strong low-frequency response of the ML, which results in only initial low-order harmonics have large amplitudes and meanwhile high-order harmonics are suppressed. For the SL under optical injection by such a seed MFC, the bandwidth-enhanced effect under f i = 0 and P i = 2060 µW is insufficient. Therefore, for f m ࣘ 0.9 GHz, under the condition of P i = 2060 µW and P m = 22 dBm, the bandwidths of both the seed and final MFCs are very narrow. For 1.0 GHz ࣘ f m ࣘ 4.7 GHz, the bandwidths of the final MFCs are much more than those of the seed MFCs. However, for 4.7 GHz < f m ࣘ 6.0 GHz, the bandwidths of the final MFCs have the same level as that of the seed MFCs, which may be explained as follows. For relatively high modulation frequency of 4.7 GHz < f m ࣘ 6.0 GHz, the injection power of P i = 2060 µW matched with f m = 1.2 GHz is too weak to enhance the bandwidth. Therefore, for f m much more than 1.2 GHz, the value of P i should be further optimized for producing MFCs with wide bandwidths. Additionally, the case for f m > 6.0 GHz is not analyzed due to the emergence of new comb lines at nf m /2. In general, for given P i = 2060 µW and P m = 22 dBm, the final MFCs with comb spacing continuously tuning within 1.0 GHz-5.5 GHz and bandwidth beyond 21.0 GHz can be obtained.
Conclusion
In summary, we have experimentally investigated and characterized the generation of tunable and ultra-broadband MFCs with an optical pulse injected laser system. In such a system, a current modulated semiconductor laser (master laser, ML) operating at regular pulse state is utilized to generate a seed MFC. Although the comb spacing of the seed MFC can be tuned flexibly by adjusting the frequency of modulation current (f m ), the bandwidth of the seed MFC is narrow due to strong powers of initial low-order harmonics compared with higher-order harmonics. In order to generate a MFC with better amplitude flatness, the regular pulse is further injected into another slave semiconductor laser (SL). For the ML is current-modulated with f m = 1.2 GHz and P m = 22 dBm, a seed MFC with 14.4 GHz bandwidth within a ±5 dB amplitude variation can be generated. Via further injecting the seed MFC into the SL, for a fixed detuning frequency f i ( =0 GHz) and an optimized injection power P i ( =2060 µW), the bandwidth of the final MFC output from the SL can be increased to 33.6 GHz, and the SSB phase noise can be decreased to below −90.9 dBc/Hz@10 kHz for all comb lines within the 33.6 GHz bandwidth. In addition, the dependences of the final MFCs bandwidths on P i and f m are also investigated. The experimental results show that for fixed f m = 1.2 GHz and P m = 22 dBm, through selecting suitable injection power P i , the final MFCs with bandwidth greater than 30.0 GHz can be obtained. For given P i = 2060 µW and P m = 22 dBm, the final MFCs with continuously tunable comb spacing within 1.0 GHz-5.5 GHz and bandwidths beyond 21.0 GHz can be obtained.
